Sequences homologous to the P element of Drosophila melanogaster were previously identified in Drosophila mediopunctata, a member of the tripunctata group, subgenus Drosophila. We report here that the P element is present in about three to five copies in the D. mediopunctata genome. While one of the insertion sites appears to be fixed, others may be polymorphic, indicating relatively recent P element activity. Phylogenetic analysis revealed that the D. mediopunctata element belongs to the canonical subfamily of P elements and that divergence of the D. mediopunctata element from other members of this subfamily ranges from 2% to 5% at the nucleotide level. This is the first report of a canonical P element outside the subgenus Sophophora. Based primarily on the striking incongruence between P element and host species phylogenies, the presence of a canonical P element in D. mediopunctata is most likely explained by horizontal transfer between species.
Sequences homologous to the P element of Drosophila melanogaster were previously identified in Drosophila mediopunctata, a member of the tripunctata group, subgenus Drosophila. We report here that the P element is present in about three to five copies in the D. mediopunctata genome. While one of the insertion sites appears to be fixed, others may be polymorphic, indicating relatively recent P element activity. Phylogenetic analysis revealed that the D. mediopunctata element belongs to the canonical subfamily of P elements and that divergence of the D. mediopunctata element from other members of this subfamily ranges from 2% to 5% at the nucleotide level. This is the first report of a canonical P element outside the subgenus Sophophora. Based primarily on the striking incongruence between P element and host species phylogenies, the presence of a canonical P element in D. mediopunctata is most likely explained by horizontal transfer between species.
P elements comprise a family of transposable elements ( TEs) that were first discovered in Drosophila melanogaster because of their ability to produce hybrid dysgenesis ( Kidwell et al. 1977) . Complete P elements are 2.9 kb long and contain four open reading frames (ORFs) (O'Hare and Rubin 1983) , which encode two polypeptides, an 87 kDa transposase enzyme (Rio et al. 1986 ) and a 66 kDa repressor protein (Robertson and Engels 1989) . Southern blot hybridization studies suggested that P elements are concentrated in species of the subgenus Sophophora in the genus Drosophila (Anxolabéhère et al. 1985; Daniels et al. 1990; Lansman et al. 1985) . However, a broader distribution is suggested by weak hybridization signals in a number of additional species, including two species of the quinaria group, three species from the immigrans radiation (subgenus Drosophila), Drosophila busckii (subgenus Dorsilopha), and a few species of the subgenus Scaptodrosophila. Weak signals were also detected in drosophilids of the genera Liodrosophila and Scaptomyza (Anxolabéhère et al. 1985; Daniels et al. 1990; Lansman et al. 1985) . The discovery of diverged P-homologous sequences in two nondrosophilids, the blowfly (Lucilia cuprina; Perkins and Howells 1992) and the house fly (Musca domestica; Lee et al. 1999 ) also suggests that this TE family may earlier have been more widely distributed than it is today.
Phylogenetic studies based on nucleotide sequences (Clark and Kidwell 1997; Hagemann et al. 1996) indicated that P elements fall into several distinct subfamilies, or clades, which, by definition, are characteristic of particular species groups. However, the P elements from some species of the subgenus Sophophora belong to more than one different subfamily, and the diversity of sequences within subfamilies can be as great as 40% (Clark and Kidwell 1997) . As the subgenus Sophophora arose between 40 and 60 million years ago, it has been suggested that multiple P subfamilies could represent extant members of an ancestral P element lineage that was present in the ancestor of the subgenus. One, or more, of these subfamilies might have been present before the diversification of the species groups. Alternatively, different subfamilies could be the result of independent ''waves'' of horizontal transfer that swept through several species at multiple times in the past (Silva and Kidwell 2000) .
The P element studied intensively in D. melanogaster is a member of the canonical subfamily whose distribution was previously found to be restricted to species of the subgenus Sophophora. With the exception of the D. melanogaster P element, all canonical elements have previously been found only in species of the willistoni and saltans species groups. The canonical D. melanogaster P element represents one of several unequivocal cases of P element Figure 1 . Schematic representation of the structure of the canonical P element of D. mediopunctata (2.9 kb). H (HindIII) and E (EcoRI) represent the locations of restriction enzyme sites. The estimated size for the HindIII fragment is 0.83 kb. Arrows show the locations of the primers used for PCR amplification. Estimated sizes of the products are 2.8 kb for primers p87 and p2863, 0.9 kb for primers pM-IR and p901, and 0.87 kb for primers p2134 and pM-IR.
horizontal transfer (Clark and Kidwell 1997; Daniels et al. 1990) .
We previously described a P-homologous sequence in D. mediopunctata, a species of the tripunctata group of the subgenus Drosophila ( Loreto et al. 1998 ). Here we report the results of a comparative analysis of P element nucleotide sequences from D. mediopunctata and a number of other species. Surprisingly, D. mediopunctata P elements belong to the canonical P element subfamily. This is the first reported case of P element horizontal transfer between species belonging to two Drosophila subgenera, and the first identification of a canonical P element outside of the subgenus Sophophora. 
Materials and Methods

Drosophila
Southern Blot Analysis
Genomic DNA was prepared from 25-30 adult flies, according to Jowett (1986) . DNA samples (6 g) were digested with EcoRI and HindIII restriction enzymes (Gibco-BRL). The DNA fragments were separated by electrophoresis on 0.8% agarose gels and transferred to nylon membranes ( Hybond Nϩ/Amersham-Pharmacia). The membranes were hybridized to a random primer-labeled probe at 60ЊC in 5ϫ SSC; 0.1% SDS; 5% dextran sulfate, and 20-fold dilution of liquid block. The filter was washed three times with 0.2ϫ SSC and 0.5% SDS for 20 min at 60ЊC. Hybridization was done using the Gene Image kit (Amersham-Pharmacia), following the manufacturer's instructions.
A 2.8 kb fragment amplified by polymerase chain reaction (PCR) from the P element contained in the p25.1 plasmid (O'Hare and Rubin 1983) was used as a probe. This fragment was obtained using primers P 85 (5ЈGAGAGGAAAGGTTGTGT-GC) and P 2863 (5ЈTCGGCAAGAGACATCCA) (see Figure 1) .
DNA Amplification and Sequencing
Polymerase chain reactions were carried out with 100 ng of genomic DNA from the MPMS strain in a solution of 2.5 mM MgCl 2 , 50 mM KCl, 200 M of each deoxynucleotide, 100 pmol of two primers and 1.5 units of Taq polymerase in a total volume of 50 l. PCRs consisted of 30 cycles of 45 s of denaturation at 94ЊC, 45 s of primer annealing at 60ЊC, and 1.5 min of primer extension at 72ЊC. In the very first cycle there was a longer denaturation period of 5 min at 95ЊC, and in the very last, an elongation step of 5 min at 72ЊC.
The P-homologous sequences were amplified using the P 85 and P 2863 primers. The subscript number in each primer designation corresponds to the nucleotide position it occupies in the DNA sequence of the canonical P element of D. melanogaster (O'Hare and Rubin 1983) . The 2.8 kb PCR products were purified using the GFX kit (Amersham/Pharmacia) and cloned into the pGEM vector using the Easy Vector System II (Promega). To amplify the P element terminal 5Ј region, a primer specific to the P element's inverted terminal repeat ( ITR) [primer M-IR (5ЈCATAAGGTGGTCCC-GTCG); Haring et al. 1995] was used with the primer P 901 (5ЈAGCAGCGACCTTCATC-TC). To obtain the 3Ј region, the M-IR primer was used together with P 2134 (5ЈCA-GCCAGGAATACAGAAA). Genomic DNA was used as a template and PCR products of the P element terminal regions were then cloned into a TA cloning vector ( IN-VITROGEN). Figure 1 shows the position of the primers in the P element sequence and the estimated sizes of the PCR products, as well as the location of the restriction enzyme sites.
The P element DNA sequence was obtained using automated sequencing techniques (ABI 100 automated DNA sequencer, MGF, University of Georgia, and ABI 377, in the Laboratory of Molecular Systematics and Evolution, University of Arizona). For each of the fragments amplified, three individual clones were chosen at random for sequencing. The following primers were used to sequence the 2.8 kb P-element fragment: P 703 (5ЈAGGGCCTGCGGTGTGGAG-ACAAATA); P 843 (5ЈCCTAATGGACAGTGATG-G); P 901 (5ЈAGCAGCGACCTTCATCTC); P 1088 (5ЈAGGATATTTAGTAGTTGCTATTG); P 1775 (5ЈTGCTTCGCTTGATGGCTT ); P 1825 (5ЈTG-GTTGCGACGGCTTGTT ); P 2134 (5ЈCAGCCA-GGAATACAGAAA); P 2302 (5ЈCAACTCATCC-ATTTCGGT ).
The DNA sequence of the D. mediopunctata P element has been deposited in GenBank (accession number AF313770).
Phylogenetic Analysis
The phylogenetic position of the D. mediopunctata P element was determined in two stages. First, we compared the D. mediopunctata element to representatives of several previously described P element subfamilies. Once it was established that the D. mediopunctata element belonged to the canonical subfamily, a second analysis was performed which included representatives of the multiple clades within this subfamily.
For the first analysis, P element nucleotide sequences from the following species were obtained from the literature: D. melanogaster p25.1 (O'Hare and Rubin 1983); D. nebulosa N15 ( Lansman et al. 1987) ; D. guanche G1 ; D. bifasciata M13 ; D. subobscura G2 and A1 (Paricio et al. 1991) ; Scaptomyza pallida S02 and S18 (Simonelig and Anxolabéhère 1991); Lucilia cuprina P1 (Perkins and Howells 1992) . Nucleotide sequences of ORFs 1 and 2 were aligned manually and used to deter- mine the phylogenetic affiliations of P elements (Clark et al. 1994; Swofford 1997) .
In order to determine the phylogenetic position of the D. mediopunctata P element within the canonical clade, the following nucleotide sequences of 13 species were used: D. melanogaster, 25; D. willistoni, 13; D. paulistorum, 14; D. equinoxialis, 17; D. tropicalis, 13; D. pavlovskiana, 16; D. nebulosa, 12; D. sucinea, 1; D. fumipennis, 2 and 9; D. sturtevanti, 13; D. austrosaltans, 51; D. prosaltans, 30 . An element from S. pallida, S. pallida 02, was used as the outgroup (Clark and Kidwell 1997) . The comparisons were limited to a 429 bp fragment mapping to positions 1328 to 1757 in ORF 2 of the D. melanogaster P element.
The phylogenetic relationships among P sequences were reconstructed using the maximum parsimony and neighbor-joining ( NJ) methods, as implemented in PAUP 4.0d54 (Swofford 1997) and MEGA ( Kumar et al. 1993) , respectively. Maximum parsimony searches were done using branchand-bound. The distance matrix used for NJ was built according to the Kimura twoparameter model of nucleotide substitution ( Kimura 1980) . Bootstrap analyses were done using parsimony, and consisted of 500 replicates with the branch-andbound algorithm.
Results
Southern Hybridization Analysis
Southern blot analysis of genomic DNA isolated from four different strains of D. mediopunctata revealed the presence of at least three to five copies of the P element per genome, depending on the strain. As the D. mediopunctata P element that we sequenced possesses a single EcoRI restriction site, we might have expected to see different hybridization bands among the different strains, indicating insertion site polymorphism. However, as seen in Figure  2 ( lanes 5-8) , two bands are present in all strains, indicating that one insertion site is fixed. Each strain has additional bands, suggesting insertion site polymorphism, but because the degree of divergence among strains is not known, the possibility of restriction site polymorphism in the host DNA flanking the P element cannot be ruled out as an alternative explanation.
As shown in Figure 2 ( lanes 1-4) , when genomic DNA was digested with HindIII, all the analyzed strains carried the expected 0.83 kb band. The presence in all strains of an additional 2.4 kb band indicates that at least one additional, perhaps inactive, copy has been present for some time in the genome of this species. It is likely that this copy is more divergent from the canonical element than the ones that generate the expected 0.83 kb fragment, as its restriction pattern is different from that of the canonical element. Once again, several bands were observed for different individual strains, suggesting insertion site polymorphism.
DNA Sequencing
The PCR products that were cloned and sequenced from the D. mediopunctata MPMS strain (see Materials and Methods) are 2851 bp in length, and are very similar in structure and sequence to the canonical P element from D. melanogaster. Although the ITRs were not sequenced, PCR amplification with specific primers to that region indicated that the ITRs are present. The sequenced region corresponds to nucleotide positions 32 to 2896 of the D. melanogaster p25.1 element (O'Hare and Rubin 1983) . In comparison with the D. melanogaster sequence, the D. mediopunctata P element has 93 nucleotide substitutions (corresponding to an overall divergence of 3.54%), three deletions and five insertions. These differences were present in all of the clones that were analyzed. As can be seen in Figure 3 , ORF 0 contains a deletion of two nucleotides. However, be- Numbers above the diagonal are the proportion of differences in complete P element nucleotide sequences; numbers below the diagonal are genetic distances calculated using Kimura's two-parameter method ( Kimura 1980) . Figure 4 . Phylogenetic analysis of a 1336 bp conserved region that consists of the complete sequence of ORFs 1 and 2 of the P element and the intron that separates them. The Lucilia cuprina P element was used as an outgroup. (A) Cladogram generated by parsimony analysis using branch-and-bound (Swofford 1997) . All characters were unordered and gaps were treated as missing data. This tree is the single most-parsimonious reconstruction and requires 1265 steps. The consistency index is 0.89 and the retention index is 0.89. The numbers in the ovals indicate the percent of 500 bootstrap replications that contain that clade. (B) Phylogram generated by the neighbor-joining method as implemented by the program MEGA 1.02 ( Kumar et al. 1993 ). The branch lengths are proportional to the number of nucleotide substitutions per site.
cause this is located before the ATG start codon, it does not produce a frameshift mutation. In the first intron there is an insertion of one nucleotide, and in the second intron there is an insertion of four nucleotides. In ORF 2 there is a deletion of 11 nucleotides that causes a frameshift mutation and a premature stop codon; an additional 1 bp insertion is located further downstream. In ORF 3 there is a deletion of seven nucleotides and an insertion of a single nucleotide. Analysis of the D. mediopunctata P element sequence suggests that it retains some coding capacity. The promoter region and the splicing signals are in perfect correspondence with those of the D. melanogaster P element. The sequence is also well conserved in the regions of ORF 0 and 1. In these regions, two leucine zippers and one helix-turn-helix motif are present, which could be involved in transposase dimerization and DNA binding (Rio et al. 1986 ). In these motifs, only one amino acid substitution was detected, in the second leucine zipper located between D. melanogaster amino acid positions 283 and 311; this position is not critical for function of the motif. However, in ORF 2, an 11 bp deletion ( located between nucleotide positions 1744 and 1755 in p25.1) has caused a frameshift. The first stop codon appears at nucleotide position 1724, and the putative protein probably has 496 amino acids. Therefore the third leucine zipper (amino acid positions 497-525 in the P transposase protein of D. melanogaster) is not present in the putative D. mediopunctata P protein.
Phylogenetic Analysis
The first aim of the phylogenetic analysis was to determine the subfamily to which the D. mediopunctata P element sequence belonged. A conserved region limited to 1336 nucleotides of ORFs 1 and 2 was analyzed from 10 different species. As seen in Table 1 , the D. mediopunctata P element differed by only 3% in nucleotide sequence from that of D. melanogaster and by only 4% from that of D. nebulosa. Figure  4 summarizes the results of phylogenetic analyses of P element sequences using two different methods, parsimony and neighbor joining. Both analyses indicate that the D. mediopunctata P element clusters most closely with those of D. melanogaster and D. nebulosa, both members of the canonical P element subfamily. This result is consistent with the low genetic distances observed between the D. mediopunctata element and those of D. melanogaster and D. nebulosa. However, such a close relationship is strikingly incongruent with the phylogenetic relationships between the host species.
Having determined that the D. mediopunctata P element belongs to the canonical subfamily, we carried out a second analysis to compare this element with additional canonical P sequences whose relationships were determined earlier by Clark et al. (1995) . A P sequence from Scaptomyza pallida was included as an outgroup. As can be seen in Table 2 , nucleotide sequence differences are small within this subfamily, ranging from 0% to 9%. The dissimilarity between the D. mediopunctata element and other canonical P elements ranges from 2% to 5%, clearly in- Figure 5 . Phylogenetic analysis of canonical P element nucleotide sequences. Comparisons were limited to 449 bp of ORF 2, between primers 2016 and 2017 (Clark et al. 1995) . The cladogram was generated by parsimony analysis, using the branch-and-bound algorithm (Swofford 1997) . A P element from S. pallida was used as an outgroup. This tree is a strict consensus tree computed from two equally parsimonious reconstructions and requires 225 steps. The consistency index is 0.88 and the retention index is 0.71. The number of nucleotide substitutions on each branch is shown. The numbers in the ovals indicate the percent of 500 bootstrap replications that contain that clade.
dicating that it belongs to the canonical element subfamily.
Previous phylogenetic analyses (Clark et al. 1995; Clark and Kidwell 1997) divided the canonical P element subfamily into the following two groups: a clade that includes the elements from D. melanogaster and from species of the willistoni subgroup (D. willistoni, D. paulistorum, D. tropicalis, D. equinoxialis, and D. pavlovskiana) , and a paraphyletic group containing P elements from the remaining species of the willistoni group (D. capricorni, D. sucinea, D. nebulosa, and D. fumipennis) and the saltans group species (D. prosaltans, D. austrosaltans, D. sturtevanti, D. saltans, and D. lusaltans) . As can be seen from the phylogenetic analyses shown in Figure 5 , the D. mediopunctata element is placed in the second group.
The close relationship found between the D. mediopunctata P element and other canonical P elements is strikingly incongruent with the phylogenetic relationships that have been documented between their host species. Whereas the majority of canonical P elements have host species belonging to the subgenus Sophophora, D. mediopunctata is a member of the tripunctata species group, which comprises 60 species in the Drosophila subgenus. With the exception of D. tripunctata, an inhabitant of the nearctic region, this group is endemic to the neotropical region, where it ranks second only to the repleta group in number of species ( Vilela 1992) . The members of the tripunctata species group have diverse feeding habits; some are fungivorous and some are ground feeders associated with fallen flowers, small fruits, and decaying pulpy vegetation. Figure 6 depicts the phylogenetic relationships among flies in the family Drosophilidae inferred by combined analysis of morphological and molecular characters (Remsen and O'Grady 2001) . It can be seen in Figure  6 that the tripunctata group is only distantly related to the Sophophora, in which all other canonical elements are found. The canonical P elements previously identified were confined to the New World saltans and willistoni species groups, with the exception of the canonical P element in D. melanogaster, which was horizontally transmitted from D. willistoni (Clark and Kidwell 1997; Daniels et al. 1990 ).
Discussion
Our main findings from the study of the D. mediopunctata P elements are as follows:
(1) P elements are present in relatively low copy number, in the range of three to five elements per genome. One site is fixed, but others polymorphic. (2) There has been loss of coding capacity for a fulllength transposase. (3) These P elements are members of the canonical subfamily.
(4) Divergence of 2% to 5% at the nucleotide level has occurred from other members of the canonical subfamily, with an estimated maximum divergence time of 2 million years (see below). The D. mediopunctata P element copy number is significantly lower than that usually found in D. melanogaster (up to about 60 copies per genome) and also somewhat less than that observed in D. willistoni (8-20 per genome). However, autonomous elements are present in both of the latter two species and this is likely to be an important factor in maintaining a higher copy number. The low P element copy number and fixation pattern in D. mediopunctata are somewhat reminiscent of those observed in some species of the saltans and willistoni groups, such as D. su- Figure 6 . Phylogeny of the family Drosophilidae based on six molecular loci and three morphological datasets combined (Remsen and O'Grady 2001) . Species groups that contain at least a single species carrying canonical P sequences are marked with asterisks. Note that the D. tripunctata group is found in a phylogenetic branch that is rather distant from the other groups with canonical P sequences.
cinea, and some of the semispecies of D. paulistorum, whose P elements are also no longer active ( Daniels and Strausbaugh 1986) .
Our analysis strongly suggests that all the sampled D. mediopunctata P sequences have lost their transposase function. Although they are smaller, these sequences may have retained the essential functional features of the 66 kDa repressor protein identified in D. melanogaster (Robertson and Engels 1989) . Evidence consistent with this possibility is provided by the differential divergence of different parts of P element sequences between D. mediopunctata and D. melanogaster. Compared with an overall divergence of 3.54%, the P element nucleotide divergence before the first stop codon is 2.9%. After this stop codon the divergence increases to 4.21%, suggesting that putative repressor coding sequences are more conserved than putative transposase coding sequences. A repressor might be used for defense against active invading elements ( Kimura and Kidwell 1994) and might provide an explanation for the low P element copy number observed in this species. The early appearance of a repressor soon after the P element invasion of the species could have caused a decrease in transposition frequency. Subsequent mutation could then have led to the total elimination of autonomous elements at an early stage.
Our estimated range of 2% to 5% nucleotide divergence of the D. mediopunctata P element from other canonical P elements is well within the 10% range of divergence previously observed within the canonical subfamily in the Sophophora (Clark et al. 1995; Clark and Kidwell 1997) . In the case of the sophophoran elements, it was concluded that the high level of sequence conservation was consistent with the hypothesis that canonical P elements were transferred to the saltans-willistoni lineage relatively recently (Clark et al. 1995) . Using three different approaches, Silva and Kidwell (2000) have determined the age of the most recent common ancestor of all canonical P elements to be approximately 2 to 3 million years. Using a substitution rate of 1.6% per million years that was previously observed for Drosophila nuclear genes with low codon bias (Sharp and Li 1989) , we estimate that the divergence of the D. mediopunctata element from that found in sophophoran species occurred 2 million years ago, at the most. Again, this estimate was within the range previously estimated for the canonical subfamily in Sophophora. These results are in total agreement with the phylogenetic analysis, which clearly places the D. mediopunctata element among the canonical elements.
In contrast to the low P element divergence time, the divergence of the species lineage that led to D. mediopunctata (subgenus Drosophila) from that which led to the willistoni and saltans groups (subgenus Sophophora) occurred at least 50 million years ago. A relatively recent horizontal transfer of a canonical P element into the D. mediopunctata genome best explains this incongruence. Silva and Kidwell (2000) have determined that the canonical P subfamily invaded the species of the saltans and willistoni groups in several independent horizontal transfer events, within the last 3 million years. So we can envision an evolutionary scenario in which the canonical P element entered D. mediopunctata at approximately the same time that it entered the species of the saltans and willistoni groups. Although the mechanism of horizontal transfer is unknown, the minimum requirements would be geographic, temporal, and ecological overlap between donor and recipient species. Considering that D. mediopunctata is not only sympatric with species of the willistoni and saltans groups, but also shares breeding and feeding sites with these groups in the neotropical region, it seems that all the basic requirements for such a transfer can be readily documented.
